Constructing safe and effective gene delivery carriers is becoming highly desirable for gene therapy. Herein, a series of supramolecular crosslinking system were prepared through host-guest binding of adamantyl-modified low molecular weight of polyethyleneimine with L-cystine-bridged bis(b-cyclodextrin)s and characterized by 1 H NMR titration, electron microscopy, zeta potential, dynamic light-scattering, gel electrophoresis, flow cytometry and confocal fluorescence microscopy. The results showed that these nanometersized supramolecular crosslinking systems exhibited higher DNA transfection efficiencies and lower cytotoxicity than the commercial DNA carrier gold standard (25 kDa bPEI) for both normal cells and cancer cells, giving a very high DNA transfection efficiency up to 54% for 293T cells. Significantly, this type of supramolecular crosslinking system possesses a number of enzyme-responsive disulfide bonds, which can be cleaved by reductive enzyme to promote the DNA release but recovered by oxidative enzyme to make the carrier renewable. These results demonstrate that these supramolecular crosslinking systems can be used as promising gene carriers.
G ene therapy as a potential treatment means has drawn more and more attention in recent years, because of its great promise to cure various diseases 1, 2 . However, the design of safe and efficient gene carriers is challenging for gene therapy 3, 4 . In contrast to viral carriers, non-viral carriers have low immunogenicity 5 , good biocompatibility 6 and satisfactory DNA loading capability 7 . Therefore non-viral gene carriers such as liposomes 8 , polymers 9 and dendrimers 10 have been widely studied in recent years [11] [12] [13] [14] [15] . Among the mentioned non-viral gene carriers, polyethylenimine (PEI) with molecular weight of 25 kDa has been considered especially as the gold standard of gene transfection 16 , mainly due to its high buffer capacity that could protect DNA from the degradation of nuclease 17 . It is noteworthy that, although PEI with high molecular weight possesses high transfection efficiency, it also induces higher toxicity in the biological process on account of their non-biodegradability 18 . Recently, the crosslinking of PEI with low molecular weight is widely regarded as an effective way to reduce the cytotoxicity at high gene expression level, and various covalently crosslinked PEI bearing biodegradable linkers such as disulfide bond, ester linkage and amido bond were synthesized [19] [20] [21] . In this work, we wish to report the supramolecular crosslinking of PEI mediated by L-cystine-bridged bis(b-cyclodextrin)s (LCD). That is, as a consequence of the noncovalent association of the adamantly groups grafted to PEI with the CD cavities in LCD, PEI with low molecular weight eventually self-assembled to biocleavable nanosupramolecular crosslinking system (Fig. 1 ). There are several inherent advantages for choosing LCD as a non-covalent and biodegradable linker: (1) cyclodextrin (CD), a series of cyclic oligosaccharides, is water-soluble, nontoxic, commercially available at low cost; (2) CD can bind various organic/biological/drug molecules and ions in its hydrophobic cavity in aqueous solution, and thus widely used as convenient building blocks for constructing nanostructured drug and gene carriers [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] ; (3) the disulfide bond in LCD is reported to be rapidly responsive to a redox environment 35 , and thus can be cleaved with the trigger of glutathione (GSH) in cytosol to release DNA (pDNA) because the concentration of intracellular GSH is several times higher than that of extracellular one 36 ; (4) Significantly, after releasing DNA, this DNA carrier can be recycled via the treatment with an oxidant such as horseradish peroxidase (HRP). Therefore, this strategy not only avoids the complicated synthesis/separation steps that only involve in the covalent modification of PEI, but also provides a recycling non-viral gene carrier with stronger gene condensation affinity, higher gene transfection efficiency, lower cellular toxicity than 25 kDa bPEI, which will energize the potential use of CD-based bioactive supramolecular nanostructures in the construction of safe and highly efficient gene carriers.
Results and Discussion
Synthesis. A series of polycationic PEI derivatives (PEI-Ada), incorporating 8.2-13.7 adamantyl groups grafted to a PEI chain (M w 5 10000), were synthesized via an amide condensation reaction between 1-adamantaneacetic acid and PEI in ethanol and characterized by NMR spectroscopy. The number of grafted adamantyl groups on PEI chain was controlled by changing the feed ratio of 1-adamantaneacetic acid to PEI. As shown in Supplementary Fig. S1 , 1 H NMR spectra of PEI-Ada showed the characteristic proton signals of adamantyl group at ca. 1.6-1.71 ppm and 2 ppm, and the proton signals at 2.8 ppm to 3.4 ppm were assigned to PEI and amido bond. Through a comparative analysis of the integral peak area of the protons of adamantyl group and the protons of PEI, we could define the degree of substitution (DS) of adamantyl group per PEI chain. Moreover, two additional PEI derivatives with higher DS values, i.e. PEI-Ada-15.5 and PEI-Ada-33, were also synthesized and showed relatively low water solubility ( Supplementary Fig. S2 ). Therefore, only PEI-Ada-8.2 to PEI-Ada-13.7 were used in the further crosslinking with LCD. The DS value and molecular weight of PEI-Ada were summarized in Supplementary Table S1 .
Enzyme-responsive supramolecular crosslinking of PEI-Ada with LCD. Benefitting from the strong binding between b-CD cavity and adamantane derivatives (K S 5 10 4 M 21 ) 37,38 , PEI-Ada-LCD supramolecular crosslinking system could be prepared easily by mixing LCD with PEI-Ada. Subsequently, the binding constants between b-CD and 1-adamantaneacetic acid sodium salt (AdAA) were determined in saline ( Supplementary Fig. S3 ) and 5% glucose solution ( Supplementary Fig. S4 These results indicate that PEI-Ada-LCD supramolecular crosslinking system can keep stable in physiological environment, which is conducive to their biological applications. The direct morphological information of the supramolecular crosslinking system comes from the high-resolution transmission electron microscopy (HR-TEM). As shown in Supplementary Fig.  S5 , PEI-Ada existed as spherical particles with an average diameter of ca. 30 nm, probably due to the amphiphilic aggregation of PEI-Ada. After LCD was added, the resultant PEI-Ada-LCD also existed as spherical particles, but their average diameter significantly enlarged to ca. 80 nm. These results demonstrated that the host-guest binding between the LCD and PEI-Ada greatly promoted the supramolecular crosslinking, which leads to the formation of large nanoparticles.
In addition, the enzyme-responsive assembly/disassembly behaviour of the supramolecular crosslinking system was also investigated. Therein, DL-dithiothreitol (DTT) was chosen as a model reductant to cleave the disulfide bond, and horseradish peroxidase (HRP), an extensively studied oxidation-catalyzing enzyme 39, 40 , was chosen as a model oxidant to recover the disulfide bond. With the addition of DTT, the originally spherical particles of PEI-Ada-LCD totally dissembled to amorphous structures. However, after treated by HRP, these amorphous structures could be recovered to spherical nanoparticles like the case of PEI-Ada-LCD ( Supplementary Fig. S5 ). This result undoubtedly demonstrated the potential of PEI-Ada-LCD as an enzyme-responsive recycling carrier.
DNA condensation and release of PEI-Ada-LCD. After verifying the recycling property, it is also important to investigate the gene condensation ability of PEI-Ada-LCD supramolecular crosslinking system, because a very important characteristic feature of a gene carrier is its ability to condense gene into nanoparticle with appropriate size to facilitate the cellular uptake 41 . The condensation ability of PEI-Ada-LCD to pDNA was measured by analyzing the electrophoretic mobility at various N/P ratios on agarose gel. As shown in Fig. 2 , both PEI-Ada and PEI-Ada-LCD could condense pDNA efficiently at low N/P ratios. Due to the relatively low DS value, PEI-Ada-8.2 showed the quite similar DNA condensation ability to its supramolecular crosslinking system (Fig. 2a, 2b ). Significantly, PEI-Ada-10-LCD, PEI-Ada-12.2-LCD and PEI-Ada-13.7-LCD could condense pDNA completely at N/P ratios of 4, 6, 6, respectively, which was lower than the corresponding values necessary for parent PEI-Ada-10 (N/P ratio 5 5), PEI-Ada-12.2 (N/P ratio 5 8) and PEI-Ada-13.7 condense pDNA (N/P ratio 5 10). This means that the supramolecular crosslinking with LCD can improve the DNA condensation ability. Among the supramolecular crosslinking systems examined, PEI-Ada-13.7-LCD showed the highest enhancement of the DNA condensation ability as compared with its parent PEI-Ada. Therefore, PEI-Ada-13.7-LCD was mainly applied in the following experiments.
Other information about the DNA condensation by supramolecular crosslinking system comes from DLS, zeta potential, HR-TEM and atomic force microscopy (AFM) experiments. The DLS results ( Supplementary Fig. S6a) showed that both PEI-Ada-13.7 and PEIAda-13.7-LCD were able to condense DNA to nanoparticles with the diameter varying from 350 to 70 nm. That is, at an N/P ratio of 10, PEI-Ada-13.7-LCD could condense pDNA to nanoparticles with an average diameter of 260 nm, which is more compact than that of PEI-Ada-13.7@pDNA particles (320 nm). This is consistent with the result of gel electrophoresis experiment that PEI-Ada-LCD supramolecular crosslinking system gave the stronger DNA condensation ability than its parent PEI-Ada. With further increasing the N/P ratio over 20, both PEI-Ada-13.7 and PEI-Ada-13.7-LCD could condense DNA to compact nanoparticles with a diameter around 80 nm, and this particle size is reported favourable for gene transfection 42 . Without DNA, PEI-Ada-13.7-LCD showed the similar positive zeta potential (40.65 mV), an important indicator of surface charges, to PEI-Ada-13.7 (39.39 mV), and these positive zeta potentials decreased after being mixed with DNA, because the surface of PEIAda-13.7 or PEI-Ada-13.7-LCD was covered by negatively charged DNA ( Supplementary Fig. S7 ). It is noteworthy that the zeta potential of PEI-Ada-13.7-LCD@pDNA systems (17 to 35 mV) became lower than that of PEI-Ada-13.7@pDNA systems (27 to 43 mV). This may means that more negatively charged DNA was associated with PEI-Ada-13.7-LCD than with PEI-Ada-13.7 ( Supplementary  Fig. S6b ). Moreover, PEI-Ada-13.7-LCD@pDNA system also remains a positive surface charge, which will favor its binding with the negatively charged cellular membrane via electrostatic interaction to facilitate the cellular uptake.
In addition, AFM images showed that the free DNA existed as loose strands with a height of 2.0 nm (a typical diameter of DNA). When PEI-Ada-LCD was added at an N/P ratio of 20, loose DNA strands could not be observed, and spherical particles were formed with a diameter of 60 nm (Fig. 3) . Similar phenomenon also was observed by TEM ( Supplementary Fig. S8 ). At a relatively low N/P ratio of 10, DNA was condensed to loose aggregates by PEI-Ada-13.7, accompanied by the existence of a little linear structures assigned to self-aggregated DNA. This indicates that there may be a competition in solution between the PEI-Ada/DNA aggregation and the self-aggregation of DNA. At a relatively low N/P ratio, PEI-Ada/DNA aggregation predominates. However, no similar self-aggregated DNA could be observed in the TEM image of PEIAda-LCD@pDNA system at the same N/P ratio, and all free DNA were condensed to large aggregates, verifying the stronger DNA condensation ability of PEI-Ada-LCD supramolecular crosslinking system. When the N/P ratio increased to 20, both PEI-Ada-13.7 and PEI-Ada-13.7-LCD could condense DNA to tight spherical particles with an average diameter of 50 nm, which is consistent with the results of DLS and AFM experiments.
After verifying the DNA condensation ability, we subsequently investigated the DNA release behavior of supramolecular crosslinking system using DTT as a reductant, because the LCD moiety of supramolecular crosslinking system possesses a disulfide bond that can be cleaved in a reducing environment. From the DLS data, we could see that the particle size of PEI-Ada-13.7-LCD@pDNA system enlarged, indicating the compacted PEI-Ada-13.7-LCD@pDNA aggregate became loose in the presence of DTT (Supplementary Fig.  S6a) . Moreover, the zeta potential of PEI-Ada-13.7-LCD@pDNA increased with the addition of DTT (Supplementary Fig. S6b) , maybe indicating the dissociation of some negatively charged DNA from the PEI-Ada-13.7-LCD. In addition, gel electrophoresis experiments showed that the DNA mobility increased in the presence of DTT (Supplementary Fig. S9 ). On the other hand, DNA can be released in the presence of negatively charged substances, such as heparin, a sulfated sugar that is always used as a model polyanion molecular to induce the pDNA release from the system in extracellular environment 43 . As shown in Supplementary Fig. S10 , the addition of heparin ($400 mg/mL) could trigger the DNA release from PEIAda-13.7-LCD@pDNA or PEI-Ada-13.7@pDNA system. However, this triggered concentration of heparin decreased to 60 mg/mL in the case of PEI-Ada-13.7-LCD@pDNA/DTT system. These phenomena jointly demonstrated that a reductive environment, such as DTT or intracellular glutathione, is favourable to the DNA release, and the DNA release could be further promoted via the exchange with negatively charged macromolecules such as mRNA and sulfated sugars that widely existed in cells 44 .
Cytotoxicity. The cytotoxicity of supramolecular crosslinking system was investigated by measuring the cell viability of 293T human embryonic kidney cells and HeLa human cervical carcinoma cells after treated by 25 kDa bPEI, PEI-Ada-13.7 and PEI-Ada-13.7-LCD by means of MTT assay. As shown in Fig. 4 , both PEI-Ada-13.7 and PEI-Ada-13.7-LCD displayed the dosedependent effect of cytotoxicity, and PEI-Ada-13.7-LCD exhibited similar cytotoxicity to PEI-Ada-13.7 but much lower cytotoxicity than 25 kDa bPEI for either normal cell (293T) or cancer cell (HeLa). A possible reason for the low cytotoxicity of PEI-Ada-13.7 and PEI-Ada-13.7-LCD may be that both cyclodextrin and adamantane are biocompatible components, and the substitution of the amino groups can reduce the charge density to decrease cytotoxicity 45 .
DNA transfection. The gene transfection efficiencies of supramolecular crosslinking system in vitro were evaluated with EGFP gene as a reporter gene in 293T and HeLa cells. Fig. 5 showed the typical fluorescent pictures of visible GFP expression of PEI-Ada-13.7, PEI-Ada-13.7-LCD and 25 kDa bPEI at various N/P ratios. When PEI-Ada-13.7-LCD@pDNA aggregates at various N/P ratios were added to cells, significant gene expression was observed. These images suggested that the supramolecular crosslinking system was able to act as a gene carrier to transfer the GFP information into cells, and its transfection efficiency was dependent on the N/P ratio. At an N/P ratio of 20, PEI-Ada-13.7-LCD exhibited higher gene transfection efficiency than PEI-Ada-13.7 and even 25 kDa bPEI in serum.
The quantitative measurement of the EGFP gene transfection efficiencies of PEI-Ada-13.7, PEI-Ada-13.7-LCD and 25 kDa bPEI comes from the flow cytometry ( Supplementary Fig. S11, S12) . At various N/P ratios of 10, 20, 30, PEI-Ada-13.7-LCD showed higher gene transfection efficiencies for 293T cells than the corresponding value by PEI-Ada-13.7. Significantly, PEI-Ada-13.7-LCD presented a very high gene transfection efficiency up to 54%, which is nearly two times higher than that of 25 kDa bPEI. On the other hand, the gene transfection efficiency of the non-crosslinked system PEI-Ada was measured to be 44%, which was lower than that of the supramolecular crosslinking system PEI-Ada-13.7-LCD. For HeLa cells, it was also found that the supramolecular crosslinking system still maintained better transfection efficiencies than 25 kDa bPEI and PEIAda-13.7 ( Supplementary Fig. S13, S14 ), but its gene transfection efficiencies towards HeLa cells were somewhat lower than towards 293T cells, which may be due to the different biological activities of cell lines 46 . This phenomenon, along with the results of the gel electrophoresis, DLS and TEM experiments where the supramolecular crosslinking system PEI-Ada-13.7-LCD exhibited higher DNA condensation ability than the non-crosslinked system PEI-Ada, jointly demonstrated the advantage of the PEI-Ada-LCD crosslinking system. It is well known that serum albumin is a major component of the blood, which has been identified as a crucial factor that destabilizes the gene vector 47 . Among the various reported non-viral gene delivery vectors, only few of them could transfect gene efficiently without the disturbance from serum [48] [49] [50] [51] . Thus we compared the gene transfection ability of the supramolecular crosslinking system in the absence and presence of serum. As shown in Supplementary  Fig. S15 -S18, the gene transfection efficiencies without serum was comparable to the ones with serum in the cases of both 293T and HeLa cells lines. This result indicated that the transfection efficiency of the supramolecular crosslinking system is not disturbed by serum.
To gain more insight into the efficient cellular uptake of the supramolecular crosslinking system PEI-Ada-13.7-LCD, the fluorescent confocal images using rhodamine (RDM)-labeled pDNA (red) with HeLa cells as the model cell line was performed to study the intracellular localization, and DAPI (blue) was used to stain nucleus to observe the localization of carriers. As shown in Fig. 6 , the cells treated by PEI-Ada-13.7-LCD exhibited stronger red fluorescence than those treated by PEI-Ada-13.7, indicating a higher DNA translocation efficiency of PEI-Ada-13.7-LCD. It should be noteworthy that the rhodamine-labled pDNA mainly located around the nucleus, which would be favourable to the transport of DNA through the karyotheca.
Furthermore, the redox-responsive DNA release behavior of supramolecular crosslinking system was investigated in 293T cells, where the supramolecular crosslinking system PEI-Ada-13.7-LCD was incubated with 5 equiv. of DTT before complexation with EGFP gene. The fluorescence microscopy images showed that the transfection efficiency of PEI-Ada-13.7-LCD pre-treated by DTT obviously decreased ( Figure S19 in the supporting information), indicating that the cleavage of disulfide bond triggered by the GSH in cytosol to release DNA is important to the enhanced gene transfection efficiency.
Conclusion
In this work, we successfully constructed a supramolecular crosslinking system, composed of adamantyl-modified polyethylenimine and L-cystine-bridged bis(b-CD)s, through the host-guest interaction as a bioavailable recycling DNA carrier, which showed better DNA condensation and transfection ability as well as lower cytotoxicity than the gold standard, i.e. 25 kDa bPEI. Significantly, the disulfide bond in this carrier can be cleaved by reductive enzyme to promote the DNA release but recovered by oxidative enzyme to make the carrier renewable. These advantages, along with the easy preparation, good biocompatibility, biodegradable and serum stability, jointly enable the great application potential of this supramolecular crosslinking system in gene therapy.
Methods
Reagents. All chemicals were reagent grade unless noted. b-CD was recrystallized twice from water and dried in vacuo at 90uC for 24 h before use. L-cystine, 1-adamantaneacetic acid, branched polyethyleneimine (M w 5 10000), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimode (EDC), N-hydroxysuccinimide (NHS), DLdithiothreitol (DTT), horseradish peroxidase (HRP), heparin sodium salt were purchased from commercial sources and used as received. Branched PEI with a molecular weight of 25 kDa (25 kDa bPEI) was purchased from Sigma-Aldrich.
53 , L-cystinebridged bis(b-CD)s 54 were prepared according to the reported methods.
Preparation of PEI-Ada-LCD assembly. L-cystine-bridged bis(b-CD)s (0.15 mg, 0.06 mmol) was added into a solution of PEI-Ada-13.7 (24.65 mg, 1.99 mmol) in deionized water (5 mL), and then the mixture was ultrasonicated for 5 min. The resultant PEI-Ada-LCD solution was stored at 4uC and diluted to desired concentration with deionized water before use. pDNA condensation. In order to evaluate pDNA condensation ability of PEI-Ada and PEI-Ada-LCD, the agarose gel electrophoresis was used. PEI-Ada-LCD of different concentration in 5 mL loading buffer was mixed with 120 ng of plasmid DNA in 5 mL loading buffer, and the mixture with various N/P ratios were incubated at room temperature for 30 min. The mixture was diluted with 2 mL of 5 3 loading buffer and run on 1% (w/v) agarose gel in 0.1 3 Tris-acetate-EDTA (TAE) buffer (pH 5 8.0) at 60 V for 1 h. After put the agarose gel into TAE solution containing 0.5 mg/ mL ethidium bromide for 15 min, and the DNA bands could be seen at l 5 302 nm.
Stability. The heparin competition stability experiment was evaluated by agarose gel electrophoresis. Firstly, 2.5 mL of PEI-Ada-13.7 or PEI-Ada-LCD was mixed with equal volume of pDNA solution (240 ng) with an N/P ratio of 20 for 30 min at room temperature. Then various amounts of heparin sodium solutions were added till the final concentrations of heparin sodium reached 0, 20, 60, 100, 400, 700, 1000, 1300 mg/mL. The mixture was incubated at 37uC for 30 min. In addition, the polyanion competition stability experiment in the presence of 10 mM DTT was also conducted. PEI-Ada-LCD@pDNA complexes was incubated with 10 mM DTT at 37uC for 90 min, then incubated with heparin at 37uC for 30 min. After that the mixture were performed on agarose gel electrophoresis as described earlier.
Transfection in vitro. 293T cells and HeLa cells were seeded in 24-well plates (1 3 10 5 cells mL
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, 1 mL per well) for 24 h at 37uC in 5% CO 2 . The cells were incubated with PEI-Ada-13.7@pDNA, PEI-Ada-LCD@pDNA and 25 kDa bPEI@pDNA complexes at N/P ratios of 10, 20, 30 for 4 h (1.6 mg DNA per well). Then the medium in each well was replaced with 1 mL of fresh DMEM medium with 10% FBS. The cells were further incubated for 44 h. The complexes were prepared by adding polycations into pDNA solutions, and the complexes solutions were incubated for 30 min at room temperature. 
